Isolated cell walls of Staphylococcus aureus and Micrococcus lysodeikticus were found to expand and contract in response to changes in environmental pH and ionic strength. These volume changes, which could amount to as much as a doubling of wall dextran-impermeable volume, were related to changes in electrostatic interactions among fixed, ionized groups in wall polymers, including peptidoglycans. S. aureus walls were structurally more compact in the hydrated state and had a higher maximum charge density than M. lysodeikticus walls. However, they were less responsive to changes in electrostatic interactions, apparently because of less mechanical compliance. In media of nearly neutral pH, S. aureus walls had a net positive charge whereas M. lysodeikticus walls had a net negative charge. These charge differences were reflected in Donnan distributions of mobile ions between wall phases and bulk medium phases. Cell walls of unfractionated cocci also could be made to swell and contract, and wall tonus in intact cells appeared to be set partly by electrostatic interactions and partly by mechanical tension in the elastic structures due to cell turgor pressure. The experimental results led to the conclusions that bacterial cell walls have many of the properties of polyelectrolyte gels and that peptidoglycans are flexible polymers. A reasonable mechanical model for peptidoglycan structure might be a sort of three-dimensional rope ladder with relatively rigid, polysaccharide rungs and relatively flexible polypeptide ropes. Thus, the peptidoglycan network surrounding cocci appeared to be predominantly an elastic restraining structure rather than a rigid shell.
Isolated cell walls of Staphylococcus aureus and Micrococcus lysodeikticus were found to expand and contract in response to changes in environmental pH and ionic strength. These volume changes, which could amount to as much as a doubling of wall dextran-impermeable volume, were related to changes in electrostatic interactions among fixed, ionized groups in wall polymers, including peptidoglycans. S. aureus walls were structurally more compact in the hydrated state and had a higher maximum charge density than M. lysodeikticus walls. However, they were less responsive to changes in electrostatic interactions, apparently because of less mechanical compliance. In media of nearly neutral pH, S. aureus walls had a net positive charge whereas M. lysodeikticus walls had a net negative charge. These charge differences were reflected in Donnan distributions of mobile ions between wall phases and bulk medium phases. Cell walls of unfractionated cocci also could be made to swell and contract, and wall tonus in intact cells appeared to be set partly by electrostatic interactions and partly by mechanical tension in the elastic structures due to cell turgor pressure. The experimental results led to the conclusions that bacterial cell walls have many of the properties of polyelectrolyte gels and that peptidoglycans are flexible polymers. A reasonable mechanical model for peptidoglycan structure might be a sort of three-dimensional rope ladder with relatively rigid, polysaccharide rungs and relatively flexible polypeptide ropes. Thus, the peptidoglycan network surrounding cocci appeared to be predominantly an elastic restraining structure rather than a rigid shell.
Most bacterial and plant cells are surrounded by a thick, porous, polymer meshwork called a cell wall. This structure, which may occupy as much as 50% of total cell volume, has a major influence on the nutrition and general physiology of these cells. In recent years, knowledge of the chemical structure of cell walls has increased tremendously, so much so that it is now reasonable to attempt to interpret many of the physical properties of walls in terms of their chemical structures.
It is well known that bacterial cell walls have shape-retaining properties and that isolated walls, especially those of gram-positive bacteria, tend to retain the general shapes of cells from which they were derived. Because of this shape-retaining tendency, bacterial walls have been described as rigid structures. However, Knaysi (13) pointed out that the type of rigidity exhibited by bacterial walls is of the same type as that exhibited by an inflated rubber inner tube or balloon, both of which retain their general shapes when deflated. Waimoscher (26) demonstrated clearly that surface structures of a variety of bacterial cells are extensible, flexible, and elastic, in that they can be deformed easily by micromanipulation and then quickly regain their original shapes when deforming forces are removed. Further, a number of investigators (13, 16, 19) that the insolubility of peptidoglycans is similar to that of certain other biological gels in being related to degrees of polymerization and to the numbers of cross-links among polymer stands. In unfractionated cell walls, peptidoglycans may have other polymers, such as teichoic acids, covalently bonded to them, but usually removal of these attached polymers does not sufficiently reduce the degree of polymerization of the complex to render it water-soluble.
In an earlier study (16) , it was found that Bacillus megaterium walls undergo major changes in volume as a result of changes in electrostatic interactions among fixed, charged groups in wall polymers, especially amphoteric peptidoglycans. Enhanced electrostatic attraction resulted in wall contraction whereas enhanced electrostatic repulsion resulted in wall swelling. In other words, the walls had many of the properties of polyelectrolyte gels. In this paper, we describe an extension of this previous work to a consideration of electrostatic volume changes in walls isolated from Staphylococcus aureus strain Duncan and Micrococcus lysodeikticus strain ATCC 4698. These organisms were chosen because the former has compact, highly cross-linked peptidoglycans and a net positive wall charge, whereas the latter has less compact, less extensively cross-linked peptidoglycans and a net negative wall charge.
MATERIALS AND METHODS Bacteria. S. aureus Duncan and M. lysodeikticus ATCC 4698 were grown at 30 C on a rotary shaker in a medium prepared by dissolving 30 g of Oxoid tryptone (Colab Laboratories, Inc., Chicago Heights, Ill.), 10 g of glucose, 1 g of Marmite (a commercial yeast extract from Marmite Ltd., London, England), and 0.5 mmole of phosphoric acid in 1 liter of distilled water. The pH of the medium was adjusted to 7.0 with NaOH before autoclaving. S. aureus cultures were harvested by centrifuging them in the cold after they had been cultivated for 44 to 48 hr. These cultures were in the early stationary phase; they contained about 1010 cells per ml and about 2.2 mg of cells (dry weight) per ml. M. lysodeikticus cultures were harvested similarly after 68 to 72 hr of growth when they were in the phase of decreasing growth rate; they contained about 1.2 X 1010 cells per ml and about 2.9 mg of cells per ml. Harvested cells were used immediately or frozen until needed.
Wall isolation. Cells were disrupted in small batches by sonic disintegration, as described previously (5), or in large batches by high-speed stirring with a Sorvall Omnimixer (Ivan Sorvall Inc., Norwalk, Conn.), as described by Sharon and Jeanloz (24) . For both procedures, glass beads were added to suspensions to aid in cell disruption, and the suspensions were chilled with ice or circulating iced water during treatment. Wall fragments were separated from other cell debris by repeated differential centrifugation; they were heated at 90 C for 10 min and were then treated with trypsin to remove proteins (23) .
A number of criteria were used to evaluate the extent of contamination of wall preparations by other cell components. A reduction of over 95% in the optical density (700-nm light) of M. lysodeikticus wall suspensions was recorded after addition of lysozyme. A reduction of over 80% in the optical density of S. aureus wall suspensions was recorded after addition of lysostaphin (kindly supplied by Walter Zygmunt of the Mead Johnson Research Center). Absorbancescattering spectra (220 to 700 nm) of suspensions containing walls showed no absorption peaks. Acidhydrolyzed (4 M HCI at 105 C for 24 hr) wall preparations showed little reactivity with the Folin-Ciocalteau reagent; 1 mg (dry weight) of S. aureus walls had the same reactivity as 0.04 mg of bovine serum albumin, and 1 mg of M. lysodeikticus walls had the same reactivity as 0.05 mg of serum albumin. In addition, wall preparations were routinely monitored during purification and use by phase-contrast microscopy.
Isolated walls were used shortly after preparation or were frozen until needed. Table 1 presents a description of the main polymers that have been isolated and characterized from M. Iysodeikticus and S. aureus walls. Walls isolated from M. lysodeikticus cells usually are composed mainly of loosely cross-linked peptidoglycans to which small amounts (less than 10% of total wall dry weight) of teichuronic acids (polymers of glucose and 2-acetamido-2-deoxy-mannuronic acid) are linked via phosphodiester bonds. However, there is a recent description (12) of peptidoglycan-poor M. lysodeikticus walls which contain as much as 260,moles of glucose per g. Analyses of the walls we used (Table  2 ) indicated very low glucose or phosphate content and, therefore, minimal teichuronic acid deposition in the structures. S. aureus walls appear to be composed mainly of highly cross-linked peptidoglycans to which polyribitol-phosphate teichoic acids are linked via phosphodiester bonds. It should be appreciated that the views of wall structure presented in Table 1 are rather rough ones strictly applicable to only certain strains of the species. They are at variance with our findings (presented in Table 2 ) and those of Salton (22) pores (8), and so the dextran-impermeable volume of a wall suspension includes the volume of wall polymers plus the volume of fluid within wall pores. When walls contract, fluid is squeezed out of the pores, and it can then act as a solvent for dextran. Our exact experimental technique and procedure for calculating dextran-impermeable volumes have been described in detail elsewhere (16) . In essence, the technique used was as follows. Water-washed wall suspensions were centrifuged at 30,000 X g for 40 min to obtain well-packed wall pellets weighing from 3 to 5 g (wet weight). Then measured volumes (approximately equal to the wall pellet volume) of 1% dextran solutions containing desired concentrations of acids, bases, or salts were added to the pellets, the walls were resuspended, and the suspensions were incubated for 40 min at ice temperature before being centrifuged. Supernatant fluids were carefully decanted, and samples were pipetted into cellophane dialysis bags. The bags were sealed and placed in large beakers of cold distilled water, which was changed frequently until all dialyzable material had been removed and the electrical conductivity of the dialysate was the same as that of distilled water. The dialyzed dextran solutions were transferred, with thorough washing of the dialysis bags, to tared weighing pans. The pans were placed in an oven at 100 C for 24 hr and then were weighed to determine the amount of dextran in the sample.
Acid-base titrations. Titrations of ionizable cell wall groups were carried out in two ways. For some titrations, no attempt was made to control ionic strength, which changed from ca. 0 to ca. 0.15 during the course of titrations. For other titrations, ionic strength was held nearly constant at 0.2 by adding KCI to suspensions. The exact titration procedure has been described previously (16) .
Other analytical procedures. Total numbers of anionic groups were estimated from the capacities of cell walls to bind cationic safranine dye. The procedure described by Fraenkel-Conrat and Cooper (7) was followed. Total free amino groups were estimated from capacities of walls to react with fluorodinitrobenzene. The procedure applied by Ghuysen and Strominger (10) Changes in wall volume associated with acidbase titration. Electrostatic interactions appeared to play a significant role in determining the compactness of hydrated bacterial cell walls and, as shown in Fig. 1 and 2 , isolated walls expanded and contracted in response to changes in environmental pH and ionic strength. wall-phase pH may be higher or lower than bulkphase pH, depending on the net charge of the walls, and this disparity is reduced in media of higher ionic strehgth. These complicating factors made it difficult to interpret proton-binding curves in a strictly quantitative manner, at least with current electrolyte theory.
There were also difficulties in estimating total numbers ofionizable groups from titration curves. Despite these problems, it is possible qualitatively to relate titration behavior to volume changes for isolated cell walls. For example, the results presented in Fig. 1 indicate that M. lysodeikticus walls suspended in media of relatively low ionic strength (0.02) and high pH (11 to 12) were expanded polyanions. Most amino groups were uncharged, and all carboxyl (and phosphate) groups were negatively charged. When environmental pH was lower, e-amino groups of peptidoglycan lysyl residues (average intrinsic pK of ca. 10.4) were protonated, and they electrostatically attracted anionic carboxyl groups so that the walls contracted. In media of still lower pH, more amino groups (including any a-amino groups with average pK of ca. 7.8) became protonated, and the walls contracted further. M. lysodeikticus walls were most compact in low ionic strength media of pH ca. 4.5, a value close to the predicted isoelectric pH for the walls. In more acid media, protonation of carboxyl groups (average pK of ca. 3.8) was sufficient to convert the walls to polycations so that transfer to still more acid media resulted in expansion of the structures.
Electrostatic repulsions seemed to predominate in M. lysodeikticus walls suspended in media with pH above ca. 9. When environmental ionic strength was raised from 0.02 to 0.30, the walls shrank due to the shielding effects of mobile counterions. The opposite effect occurred for walls in media with pH between 2.5 and 9; increased environmental ionic strength induced swelling because of a predominance of electrostatic attractions in the walls.
The curves for S. aureus walls can be interpreted qualitatively in much the same manner. However, we found that S. aureus walls exposed to media of pH 9.5 or higher lost appreciable amounts of esterified alanyl groups and could not be made to regain their original compactness. Nevertheless, S. aureus walls in low ionic strength media of mildly alkaline pH appeared to be expanded, and protonation of amino groups led to contraction (Fig. 2A) . The walls were most compact in media of pH ca. 4.8, and further reduction in environmental pH converted them to polycations so that protonation of carboxyl or phosphate groups led to swelling. Electrostatic attractions seemed to predominate in S. aureus walls in media of pH 2 to 8 since increased environmental ionic strength induced swelling.
Salt-induced volume changes. Isolated cell walls suspended in distilled water could be made to contract by adding NaCl to the suspensions. Examples of NaCl-induced contraction of M. lysodeikticus and S. aureus walls are presented in Fig. 3A and 4A respectively. Transfer of walls to more concentrated solutions resulted in less contraction rather than more. It should be noted that the concentrations (ionic strengths and osmolalities) indicated in Fig. 3 and 4 are initial ones; final concentrations were about one-half the initial ones because of dilution by water in wall pellets. NaCl-induced wall contraction was reversible, and appeared to be electrostatic rather than osmotic in nature because it could be induced with other salts but not with sucrose. Figures 3B and 4B show that whole cells of M. lysodeikticus and S. aureus also contracted when transferred from distilled water to NaCl solutions. Whole-cell contraction in nonplasmolyzing solutions more dilute than ca. 0.2 to 0.4 M appeared to be due mainly to electrostatic wall contraction. Thus, for example, M. lysodeikticus cells contracted by some 9% when transferred from distilled water to 0.3 M NaCl solution, whereas isolated walls contracted by some 25% following similar transfer. Previously reported results (5) obtained with M. Iysodeikticus cells grown in this laboratory indicated that the wall occupies about 50 % of the cell volume. Therefore, electrostatic wall contraction should have caused the cells to contract by about 12.5%. The finding that the measured volume change was somewhat less than expected suggests that walls of intact cells were more resistant to contraction than isolated walls. This conclusion does not seem unreasonable in view of the impossibility of isolating cell walls without mechanically damaging them. Also, it is known that bacterial cells have relatively high turgor pressures, so that there is a tendency for the cell protoplast to press against the wall and stretch it with development of mechanical tension. In very concentrated salt solutions, osmotic effects were compounded with electrostatic effects, and, as shown in Fig. 3B by NaCI (0), KCI (0), or CaCl2 (A). ment for M. lysodeikticus walls can be attributed to shifts in the Donnan equilibrium with substitution of salt cations for hydronium ions as counterions for fixed wall anions. But disturbance of the Donnan equilibrium for cationic S. aureus walls should have just the opposite effectsuspension pH should increase when salts are added.
It is well known that charged forms of dissociable compounds are favored in media of increased ionic strength; for example, the apparent pK values of protein carboxyl groups are lower in media of higher ionic strength. Thus, if NaCl were added to a suspension of S. aureus walls in water with an initial pH of 6.6, any carboxyl groups that were protonated should have an increased tendency to give up their protons to produce ion pairs. The curves of Fig. IB and 2B show that walls of both types of cocci were more highly protonated in media of low ionic strength than in media of high ionic strength in the pertinent pH range from 4 to 8.
Even though NaCl-induced pH shifts were marked-amounting to 1 pH unit or more of change-only a relatively small percentage of the wall carboxyl groups, less than 0.4% for M. lysodeikticus walls and less than 0.7% for S. aureus walls, would have to dissociate to produce the measured acidification of the suspensions. Apparently the pK-lowering effect of increased environmental ionic strength for wall carboxyl groups overshadowed shifts in Donnan equilibria, because addition of even small amounts of NaCl to S. aureus wall suspensions led to decreased suspension pH.
Role of teichoic acids in electrostatic volume changes of S. aureus walls. Removal of teichoic 
DISCUSSION
The experimental results presented in this paper and in a previous one (16) led us to conclude that bacterial peptidoglycans are flexible polyelectrolytes. Thus, the major structural polymer of bacterial walls appears to be much more flexible than cellulose or chitin of plant cell walls. Cellulose and chitin are both mechanically rigid polymers, owing, at least in part, to hindered rotation around ,B-glucosyl bonds (20) .
The glycan portions of peptidoglycans should be relatively rigid also, but they are short chains, 12 to 65 disaccharide units in length, compared with cellulose or chitin chains which have polymerization degrees in the range of 1,400 to 8,000. A reasonable mechanical model for peptidoglycans might be a sort of three-dimensional rope ladder with relatively rigid polysaccharide rungs and relatively flexible polypeptide ropes. In other words, the flexibility of peptidoglycans is related mainly to the known flexibility of polypeptide chains. Compounds such as teichoic acids may be covalently linked to peptidoglycans, and, as our work with S. aureus walls indicated, these substituent polymers may also contribute to wall mechanical properties.
Bacterial peptidoglycans appear to be less densely packed in the hydrated state than are celluloses and chitins. Measured values for the density of cellulose in water range from about 1.5 to 1.6 g per ml (15) . Bacterial walls have densities well below these values. The M. lysodeikticus walls used in this study had a density of about 1.06, as measured by a method similar to the one used by Black and Gerhardt (2) , and S. aureus walls had a density of about 1.07. M. lysodeikticus walls were composed almost entirely of peptidoglycan, and it seems reasonable to conclude that bacterial peptidoglycans have a much more open, loosely knit structure than do celluloses and chitins. In fact, both cellulose and chitin form relatively large, condensed crystallites into which water molecules cannot readily diffuse. Because of the looseness of the peptidoglycan matrix, one would expect little weak interchain bonding to occur. Also, the peptide chains are too short for extensive helices to form.
Our major aim in studying electrostatic interactions of bacterial cell walls is to be able to interpret wall functioning in terms of polymer chemistry. Bacterial walls are considered to be supporting structures for bacterial cells, but, as indicated previously, it might be more appropriate to think of them as ensheathing elastic, restraining structures with sufficient mechanical compliance to allow for moderate cell swelling and bending. Compliance of elastic net structures is reduced by mechanical tension, so bacterial walls should be less compliant when stretched by cell turgor pressure and more compliant when turgor pressure is reduced.
Bacterial cell walls act also as heteroporous molecular sieves (8) to exclude macromolecules from cells. Presumably, electrostatic shrinkage of walls would result in contraction of wall pores and lowering of the molecular exclusion threshold. However, experimental tests are needed to substantiate this view, since pore shape may, in some circumstances, be as important as pore size in the molecular sieving effect. Bacterial cell walls behave also as ion-exchangers in that they retain exchangeable counterions in association with fixed, charged groups of wall polymers. Relatively little detailed information is available regarding the specificity and other characteristics of ion exchange in cell walls. Carstensen (4) found that the concentration of mobile counterions in walls of intact M. lysodeikticus cells may exceed that in the cytoplasm. Previously, Britt and Gerhardt (3) found that cationic lysine molecules were bound to M. lysodeikticus walls, and Marquis and Gerhardt (17) showed that passive uptake of nonmetabolized a-aminoisobutyrate by B. megaterium cells can be almost entirely accounted for by wall uptake of the amino acid. The role of this ion retention by walls in cell economy is still largely unknown, although it is easy to see how binding of nutrients such as amino acids and organic acids could be important to a cell with intermittent nutrient supply. Certainly, it is reasonable to assume that the general physical structure of bacterial peptidoglycans and the variants in structure found among different types of bacteria reflect adaptations of the organisms to their natural habitats.
